Nanoparticles of gold and silver were prepared by a reduction method and by employing green chemistry principles such as using curcumin as a reducing and a stabilizing agent. The formation of nanoparticles was confirmed by UV-Vis absorption spectra and TEM. Mie theory was used to determine the particle sizes. The nonlinear refraction and absorption properties of the particles were measured using the z-scan technique. A large value of third-order nonlinearities was obtained using the nanoparticles produced.
Introduction
Metallic nanoparticles have attracted a huge interest because their physical and chemical properties are different from those of their bulks [1] . As a result they are ideal candidates for many applications, including electronics and optoelectronic devices, and in medical applications such as diagnosis, drug delivery, and therapy. Metallic nanoparticles form district energy levels, which are shown in the linear absorption spectra by a broad band absorption. This manifests as surface plasmon resonance, which does not exist in the case of bulk materials. Nanoparticles have a large number of conduction electrons. There are more atoms at the surface of the nanoparticles than the number of atoms inside, and thus this property gives rise to interesting properties due to the interaction between nanoparticles and surrounding media. The strong interaction of nanoparticles with light waves takes place because the conduction electrons on the metal surface undergo a combined oscillation when excited by light at specific wavelengths. The collective oscillation of excited electrons in the conduction band also known as surface plasmon resonance (SPR) and the surface area to volume ratio leads to a strong interaction with the incoming electromagnetic wave to enhance the local field, thus boosting the nonlinear optical properties of these materials. The optical properties of nanoparticles are strongly dependent on the particle size and shape and dielectric properties of the matrix. These properties have a vital role in developing optical devices and in the biomedical field. It has been suggested that, in the vicinity of the SPR absorption region, the nanoparticles exhibit a large value of optical nonlinearities. Different techniques have been used to investigate the optical nonlinearities such as four-wave mixing [2] , nonlinear interferometry [3] , and z-scan [4, 5] . Z-scan is the most popular technique due to its simplicity and it allows the determination of the sign and the magnitude of nonlinear optical properties, such as nonlinear refractive index and nonlinear absorption in a single scan. Many reports have described the nonlinear properties and behavior demonstrated by nanoparticles and their dependence on sizes, shapes, and surrounding medium [6] [7] [8] [9] .
In this paper we report the nonlinear behavior of gold, silver, curcumin-gold, curcumin-silver, and silver-gold nanoparticles which were prepared by the chemical reduction method and green synthesis. The nonlinear refractive index and nonlinear absorption of these samples were measured using the z-scan technique with cw argon-ion laser beam at 488 nm and 514 nm. The magnitude of the nonlinear
Synthesis of Nanoparticles
Starting materials were purchased from Sigma Aldrich and used without any further purifications. Distilled water was used to prepare the solutions of the reacting materials. The Au colloid was prepared by chemical reduction according to the procedure given in [10] . 20 mL of 1 mM HAuCl 4 solution was stirred and heated to boiling temperature. Then, 2 mL of 1% trisodium citrate was added to the solution. The solution was left boiling until color changed to deep red. In this reaction, gold is reduced from Au +3 to Au 0 by the trisodium citrate. Chemical equation is given as follows [11] :
The gold nanoparticles were synthesized using a green chemistry method. In this method the gold nanoparticles were prepared by using curcumin as a reducing and stabilizing agent [12] . A 0.11 g of curcumin was dissolved in 15 mL of DMSO and the pH of the solution was increased to 9.3 using Na 2 CO 3 (dissolved 0.24 g in 15 mL of water). 1 mM of HAuCl 4 was added dropwise with shaking to 2 mL of curcumin, until the color changes from yellow to colorless, black, and burgundy red. According to Sindhu et al. [12] , the formation of curcumin conjugated gold nanoparticles includes six steps of deprotonation, reduction, nucleation, growth, cleavage, and maturation. First curcumin Cur −3 is formed after the dissociation of hydrogen atoms from enolic curcumin hydroxyl groups. Then gold is reduced by the electrons on the O − from Au +3 to Au 0 . The Au 0 atoms form clusters and those clusters cleave into smaller fragments due to instability and finally spherical and solid nanoparticles are formed.
Ag nanoparticles were prepared using chemical reduction method [13] . 84.9 mg of silver nitrate (AgNO 3 ) was dissolved in 500 mL of distilled water. The solution was stirred and heated to boiling temperature and 5 mL of trisodium citrate (1 g dissolved in 100 mL of water) was added to the solution. The solution was left to boil for 2 hours and color changed to greenish. In this reaction silver nitrate is reduced by trisodium citrate to form silver nanoparticles. Chemical equation is given as follows [14] :
Another method was used to prepare Ag nanoparticles using curcumin as reducing agent. In this method, 1 g of curcumin was dissolved in 100 mL of DMSO. A solution of 7 mL of 1 mM AgNO 3 was heated to boiling temperature with stirring followed by the addition of 3 mL of the prepared curcumin solution. Heating was continued for 5 minutes. Curcumin acts as reducing agent. It is worth mentioning that the most significant aspect of the above procedure is that the maintenance pH during the synthesis process is not required. Ag/Au (core/shell) nanoparticles were prepared using gripe water according to the procedure given in [15] . In a flask, 2 mL of 0.3 mM AgNO 3 was mixed with 10 mL of gripe water. In another flask, 2 mL of 0.3 mM of HAuCl 4 was left stirring. Under continuous stirring the mixture of gripe water and AgNO 3 was added to HAuCl 4 and left stirring for 22 hours. In this method Au and Ag nanoparticles are reduced by hydrolyzed sucrose that is present in the gripe water, while they are stabilized by sodium benzoate, sodium methyl paraben, sodium propylparaben, and bronopol.
Results and Discussions
3.1. Absorption Spectra. UV-Vis spectrometer Shimadzu UV-1800 was used to record absorption spectra of all the samples. The UV-Vis absorption spectrum for Au and Ag nanoparticles is shown in Figure 1 (a). The spectra for Au and Ag nanoparticles are characterized by a broad band in the visible region with a surface SPR peak at 517 nm and 414 nm, respectively. The sharp peaks indicate the formation of spherical nanoparticles. The stability of the nanoparticles was monitored by observing the position of the absorption peak over weeks. No obvious shift in the absorption peak was observed. If the particle increases in size, the peak absorption will shift to longer wavelength (red shift) [16] ; however, no such behavior was observed. The Transmission Electron Microscopy (TEM) image of the Au particles is shown in Figure 1 (b). It can be seen from the figure that Au nanoparticles are spherical in shape with smooth surface. The particle size was determined using Image J 1.5 g software by calculating the diameter ( ) in pixels. Pixels were converted to nanometers by applying the scale of the image. The diameter ( ) of each nanoparticle was marked manually and found to have a range from 9 to 23 nm with high yield of size 12 nm, Figure 1 (b). It was shown that the full width at half maximum of the absorption spectrum is related to the particle sizes [17] . The relative narrow band of absorption observed in this case may be used as an indication of the formation of small sizes of Au particle. It is worth mentioning that the TEM images were taken two weeks after synthesis and no aggregation was observed. Figure 2 shows the UV-Vis absorption spectra of Au, curcumin-Au, Ag, curcumin-Ag, and (core-shell) Au-Ag. The spectra are characterized by a broad band in the visible region with a plasmon resonance peak at 517, 536, 414, 436, and 472 nm, respectively. For curcumin-Au and curcumin-Ag, the formation of the nanoparticles is characterized by the disappearance of the absorbance maximum peak (430 nm) of curcumin and the shift of SPR absorbance peak from 517 nm for Au particles to 536 nm for curcumin-Au and the shift SPR peak from 430 for Ag particles nm to 436 for Ag-curcumin. This shifting indicates coupling between curcumin-Au and curcumin-Ag. The SPR shift is also observed for Ag-Au (472 nm) in comparison to SPR peak for Ag (430 nm). Because facilities for measuring the nanoparticle sizes were not available to the investigators, we used the Mie theory to determine the particles size of colloidal nanoparticles. For this we used a computer simulation program (Mie plot v4.5). The procedure for calculation was performed as described in [18] because the position of the SPR peak depends on the diameter of nanoparticles. A number of calculations were performed at different diameters of nanoparticles and the calculated data was fitted to the experimental absorption data, using Origin 9 software; see Figure 2 . The best fit between calculated data and the experimental absorption spectra was found for each particle and estimated values of diameters are given in Table 1 . It should be noted that the size of the shell/core particle is larger than the metal particle, which indicates the reaction of curcumin with metals.
Z-Scan Techniques.
The nonlinear refractive index 2 is given by = 0 + 2 , where 0 is the linear refractive index and is the intensity of incident light. The nonlinear absorption coefficient is given by = 0 + , where 0 is the linear absorption coefficient, is a nonlinear absorption coefficient, and is the intensity of incident light. Z-scan technique [19] was used to measure the nonlinear refractive index and the nonlinear absorption coefficient of nanoparticles. This technique relies on the fact that the intensity varies along the axis of the convex lens and is maximum at the focus. Hence, by shifting the sample through the focus, the intensity dependence can be measured as a change in transmission. In the z-scan procedure, the transmission for the sample was measured with and without an aperture in the far-field of the lens as the sample moved through the focal point. This enables the nonlinear refractive index (closed aperture) to be separated from that of the nonlinear absorption (open aperture).
The experiment was performed with an air-cooled argonion laser beam operating at 488 nm and 514 nm with adjusting a preface peak followed by a postfocal valley. This peakvalley configuration implies that the nonlinear refractive index of solution is negative ( 2 < 0) (self-defocusing). Similar characteristics were shown by other samples studied. The asymmetry in the closed z-scan curve is the signature of thermal contribution to nonlinear refractive index and is explained below. The values of the differences between normalized peak-valley transmittance (Δ -V ) for the samples are shown in Table 2 . It is possible from the peak to valley variation of the measured transmittance to calculate the nonlinear refractive index 2 .
The difference between normalized peak-valley transmittance Δ -V is given by
where Δ| | is the on-axis nonlinear phase shift at the focus and is the linear transmittance of the aperture and is given by
where is the radius of the aperture and is the radius of the laser at the entrance of the aperture. The nonlinear phase shift is given by
where 2 is the nonlinear refractive index, is the laser power, is the laser wavelength, and eff = (1 − exp(− ))/ , where is the linear absorption coefficient at 488 nm, is the sample thickness, and eff is the effective thickness of the sample.
Equations (3) and (5) were used to calculate the value of nonlinear refractive index 2 . The values of 2 are shown in Table 2 . These values are the average of three close z-scans with an estimated error of 10%. The values reported here are in the same order as values reported in [20] . Figure 4 shows a typical normalized transmission at wavelength 514 nm (open z-scan) for sample Au as a function of the sample position. The normalized transmittance curve for the samples was characterized by a maximum transmission at focus. This shows that the sample exhibits a saturation absorption (SA). A similar behavior was observed for Ag. Figure 5 shows the normalized transmission (open z-scan) for cur-Au and cur-Ag samples. The normalized transmission was characterized by a minimum transmission at the focus. Thus the samples exhibit a reverse saturation absorption (RSA). Refractive indices of the matrix around nanoparticles play important roles in tuning the SPR band and in turn the nonlinear properties. This may explain the observed RSA for cur-Au and cur-Ag samples. Figure 6 shows an open z-scan for shell/core Ag-Au. The transmission is characterized by saturation absorption (SA).
For open aperture z-scan, the nonlinear absorption coefficient ( ) is related to sample transmittance at focus, by [19] 
Equation (6) was used to calculate the value of nonlinear absorption coefficient . The values of obtained for the samples are shown in Table 2 . These values are the average of three open z-scans with an estimated error of 10%. The values reported here are in agreement with previously reported values [20, 21] . The process leading to the observed SA and RSA can be explained by considering band gap structures of noble metals [21, 22] photon energy in the visible region. The processes involved in nonlinear optical properties are surface plasmon absorption, free carrier absorption, and two-photon absorption. The excitation wavelengths used for investigation of the nonlinear absorption were 488 nm and 514 nm, which are almost in the vicinity of the SPR peak of Au and Ag nanoparticles. In this case the main effect involves the excitation of the electrons from the SPR band. The excited electrons interact with the electric field of the incident beam leading to higher order oscillations, which leads to a difference in frequency between SPR excited electrons and unexcited electrons. The electrons in the original SPR band that cannot further absorb radiation results in SA behavior. The SA behavior for Au particles is shown in Figure 4 . Similar behavior was observed for Ag nanoparticles. For cur-Au and cur-Ag particles RSA were observed. The RSA behavior can be explained by two-step resonant two-photon absorption (TSA) where in the first step electrons from bands are excited to Fermi level by absorbing a photon of energy ( = 488 nm, = 2.7 eV, and = 514 nm, = 2.4 eV). In the second step electrons are transferred from the Fermi level to the conduction band by absorbing a second photon.
The process leading to refractive index change involves the excitation of the electrons from the SPR band. The excited electrons interact with the electric field of the incident beam leading to higher order oscillations. The excited hot electrons (electrons with higher energy than Fermi energy) are thermalized by dissipating the excess to the surroundings. The excess thermal energy increases the surrounding temperature and generates a temperature gradient. This temperature gradient leads to a variation in refractive index, which is called a thermal lens [23] . In addition to the thermal lens, the population redistribution between the excited and ground state conduction bands also plays an important part in the variation in the refractive index called a population lens [23] . The plausible explanation for such a high value of nonlinear properties reported in this work arises from the use of cw laser that induces thermal effects that strongly affect the nonlinear properties masking the electronic contribution to the nonlinear properties. The observed asymmetry for close z-scan is an indication of the thermal effect.
Conclusions
Nanoparticles such as Au, Ag, (shell-core) Cur-Au, Cur-Ag, and Au-Ag were prepared using chemical reduction methods. Both trisodium citrate and curcumin were used as reducing agents. The main significant aspect of the green synthesis procedure is that the maintenance of pH during the synthesis process is not required. The SPRs in the nanoparticle is Journal of Nanomaterials 7 confirmed by measuring visible spectra using a UV-Vis spectrometer. For Au nanoparticles, the particle size distribution was determined using TEM. Nanoparticle size distribution was estimated by comparing the calculations from Mie theory and experimental absorption spectra. Z-scan technique was used to measure the nonlinear properties of nanoparticles. The nonlinear refractive index and nonlinear absorption of these samples were measured using the z-scan technique with cw argon-ion laser beam at 488 nm and 514 nm. Both SA absorption and RSA were observed and found to be dependent on the sample property.
